The vegetative cells of the filamentous cyanobacterium Nostoc punctiforme can differentiate into three mutually exclusive cell types: nitrogen-fixing heterocysts, spore-like akinetes, and motile hormogomium filaments. A DNA microarray consisting of 6,893 N. punctiforme genes was used to identify the global transcription patterns at single time points in the three developmental states, compared to those in ammonium-grown time zero cultures. Analysis of ammonium-grown cultures yielded a transcriptome of 2,935 genes, which is nearly twice the size of a soluble proteome. The NH 4 ؉ -grown transcriptome was enriched in genes encoding core metabolic functions. A steady-state N 2 -grown (heterocyst-containing) culture showed differential transcription of 495 genes, 373 of which were up-regulated. The majority of the up-regulated genes were predicted from studies of heterocyst differentiation and N 2 fixation; other genes are candidates for more detailed genetic analysis. Three days into the developmental process, akinetes showed a similar number of differentially expressed genes (497 genes), which were equally up-and down-regulated. The down-regulated genes were enriched in core metabolic functions, consistent with entry into a nongrowth state. There were relatively few adaptive genes up-regulated in 3-day akinetes, and there was little overlap with putative heterocyst developmental genes. There were 1,827 differentially transcribed genes in 24-h hormogonia, which was nearly fivefold greater than the number in akinete-forming or N 2 -fixing cultures. The majority of the up-regulated adaptive genes were genes encoding proteins for signal transduction and transcriptional regulation, which is characteristic of a motile filament that is poised to sense and respond to the environment. The greatest fraction of the 883 down-regulated genes was involved in core metabolism, also consistent with entry into a nongrowth state. The differentiation of heterocysts (steady state, N 2 grown), akinetes, and hormogonia appears to involve the up-regulation of genes distinct for each state.
The vegetative cells of the filamentous, oxygenic, phototrophic cyanobacterium Nostoc punctiforme have the potential for four developmental alternatives (32) . In the presence of replete nutrients, including a source of combined nitrogen such as ammonium, light, and CO 2 or in the dark with glucose or fructose as a source of reduced carbon, a permissive vegetative cell cycle consisting of growth and division is maintained. Nutrient depletion or change elicits three mutually exclusive differentiation responses. The differentiated cells are morphologically and physiologically distinct from vegetative cells. The question to be asked is, what is the extent of differential gene expression in the developmental states of N. punctiforme?
Depletion of combined nitrogen induces the transcription of genes encoding the nitrogenase enzyme complex. Nitrogenase expression is preceded by the differentiation of heterocysts, which are specialized microoxic cells in which oxygen-sensitive nitrogen fixation takes place. The microoxic environment of heterocysts is achieved by inactivation of the photosystem II oxygen-evolving reaction, an increased rate of aerobic respiration, and the synthesis of a bilayer envelope that retards diffusion of gases (44) . Heterocysts are terminally differentiated; they constitute 10% or less of the cells in a filament and are singly spaced in a nonrandom pattern (33) . They are the source of organic nitrogen for vegetative cells and a sink for photosynthate from vegetative cells. Heterocyst differentiation allows continued vegetative cell growth in a habitat depleted of combined nitrogen. The formation and maintenance of heterocysts are variously estimated to involve the differential expression of 140 (43) to 600 (12) to more than 1,000 (28) genes, and this is the most highly studied cyanobacterial differentiation event (for reviews, see references 1, 17, 22, 33, 43, 44, and 47) .
When limited in cellular energy, typically in response to phosphate deprivation, vegetative cells differentiate into sporelike cells termed akinetes. Although akinetes retain some metabolic activity (40), they do not grow. Akinetes are resistant to cold and desiccation, thereby allowing perennation or longer periods of survival. This is a transient differentiation process; when environmental conditions are appropriate for growth, akinetes germinate, and the emerging filaments continue a vegetative cell cycle. Akinete differentiation is confined to the heterocyst-forming cyanobacteria (36) . Based on this taxonomic clustering and some biochemical and genetic similarities, there is speculation that akinetes served as the evolutionary progenitors of heterocysts (44) . Although a priori there is no obvious reason that heterocyst differentiation and akinete differentiation should be mutually exclusive, continued heterocyst differentiation is generally not observed when environmental conditions favor akinete differentiation. In heterocystcontaining filaments of N. punctiforme, akinetes first appear midway in the interval between two heterocysts, with subsequent differentiation events radiating in both directions away from the first akinete and towards the adjacent heterocysts (32) . However, in a glucose-6-phosphate dehydrogenase (zwf) mutant of N. punctiforme that is unable to fix nitrogen or grow in the dark, vegetative cells synchronously differentiate into akinetes when they are placed in the dark (4) . Five genes that are differentially transcribed during akinete differentiation have recently been identified (6, 48) .
Vegetative filaments of N. punctiforme are nonmotile. Gliding and buoyant mobility can be induced following the transient differentiation of vegetative filaments into small-celled filaments called hormogonia. No single unique environmental factor induces hormogonium differentiation; rather, changes in a multiplicity of factors, including depleted and replete nutrients, light quality, the presence of symbiotic plant partners, or dilution into fresh medium, stimulate hormogonium differentiation to various degrees (33, 39) . Once induced, N. punctiforme filaments proceed through a non-N 2 -fixing hormogonium differentiation cycle that lasts for 72 to 96 h (9) . Upon entry into the cycle, there is a cessation of net increases in biomass, DNA, protein, and pigments (9, 10, 20) , while cell division continues, resulting in an increase in the number of cells, all of which are smaller and shaped differently than the parental vegetative cells (9, 10, 32, 36, 39) . Since filamentous cyanobacteria contain multiple copies of the chromosome (19) , there is a high probability that hormogonium cells contain at least one genome copy. In N. punctiforme, gliding motility is maximal between 18 and 72 h after induction (9) . Once the filaments become sessile, biomass increase resumes and the filaments exit the hormogonium cycle to reenter the vegetative cell cycle in the presence or absence of combined nitrogen. There have been few molecular studies of events in the hormogonium cycle. It is known that the transcription of genes encoding gas vesicle proteins, pili, (39) , an alternative sigma subunit of RNA polymerase, and a Clp protease (8) is upregulated during entry into the cycle, while synthesis of phycobiliproteins is down-regulated (39) .
The complete 9.059-Mbp genome sequence of N. punctiforme strain ATCC 29133 has been determined. A preliminary report has been published (34) , and the sequence can be accessed at the Integrated Microbial Genomes site (http://img.jgi .doe.gov/cgi-bin/pub/main.cgi). The complete genome sequence allows entry into systems-level approaches to identification of gene expression profiles. We report here the construction of a DNA microarray of the N. punctiforme genome. This array was used to identify genes that are transcribed differentially during heterocyst, akinete, and hormogonium differentiation or function by reference to transcription during growth of vegetative cells on NH 4 ϩ .
MATERIALS AND METHODS
Cultures and culture conditions. N. punctiforme strain ATCC 29133 (ϭ PCC 73102) and its derivatives were grown with shaking at 100 to 120 rpm and at 23 to 25°C under ca. 19 to 46 mol photons/m 2 /s of cool white fluorescent light in the standard minimal salts medium of Allan and Arnon, diluted fourfold, as described previously (14) . Since heterocyst differentiation results in perpetuation of a modified vegetative cell cycle, comparisons were made between steady-state NH 4 ϩ -and N 2 -grown cultures. A spontaneously derived strain of N. punctiforme, UCD 102, which does not form hormogonia, was used for these and subsequent N 2 growth experiments so that heterocyst differentiation was not complicated by formation of hormogonia. Duplicate 50-ml cultures from the same N 2 -grown inoculum (200 l) were incubated for 7 days under the same environmental conditions, with one culture supplemented with 2.5 mM NH 4 Cl and 5.0 mM morpholinepropanesulfonic acid (MOPS) and the other culture without these compounds (N 2 steady state). Cultures grown with NH 4 ϩ were devoid of heterocysts, as determined by microscopy, and were used as the reference. Under these low-cell-density culture conditions, the heterocyst frequency of the N 2 steady-state culture was, on average, 8.7%. The cultures were harvested at densities of 2 to 3 g chlorophyll a per ml by centrifugation at 1,000 ϫ g for 5 min and stored at Ϫ80°C for subsequent RNA extraction.
The gliding motility of N. punctiforme hormogonia is pronounced 24 h after induction, and this time point was chosen for these experiments, using the symbiotically competent strain UCD 153. Cultures were grown in 500 ml of minimal medium supplemented with 2.5 mM NH 4 Cl and 5.0 mM MOPS for 7 days, reaching densities of 2 to 3 g chlorophyll a/ml; the cultures were then synchronized for differentiation of hormogonia by centrifugation as described above and suspended in fresh medium without supplementation with combined nitrogen. Time zero (T 0 ) samples were collected at this time. After 24 h under standard incubation conditions, cultures were examined by microscopy for verification of hormogonium formation, and samples showing essentially 100% differentiation were collected by centrifugation and stored as described above.
Akinete differentiation occurs over a period of up to 6 days (4). A gene with enhanced expression in akinetes, avaK, shows strong transcription 3 days following induction (4), as well as does the onset of resistance to desiccation, cold, or lysozyme treatments (5) . Therefore, cells in the process of differentiation into akinetes were induced by incubation in the dark for 3 days of a 50-ml culture of the zwf::P psbA -npt insertion mutant CSUN 466 (a reconstruction of UCD 466) (18) previously grown for 5 days in minimal medium supplemented with 2.5 mM NH 4 Cl and 5.0 mM MOPS plus 50 mM fructose. Under these conditions, strain CSUN 466 shows synchronized differentiation into akinetes, and approximately 50% of the cells are resistant to cold and desiccation at day 3 (4, 5) . Cells were collected at T 0 and at 3 days by centrifugation and stored as described above.
RNA isolation, cDNA synthesis, and dye labeling. Frozen samples were subjected to breakage using a mini bead beater (Biospec) in the presence of phenol, 0.5-mm zirconium/silicate beads, and Celite as described previously (38) . RNA in the aqueous phase was precipitated using 4 M lithium chloride, 20 mM Tris (pH 7.4), 10 mM EDTA (pH 8). The samples were then further purified using QIAGEN RNeasy columns by following the manufacturer's specifications, including the on-column DNase digestion to eliminate DNA contamination. mRNA was enriched from 10 g of total RNA using a cyanobacterial capture module in a MicrobExpress rRNA subtraction kit (Ambion); the average yield was 1.05 g of RNA. Fifteen micrograms of total RNA was used in each cDNA synthesis reaction in the presence of 4 g of a random 18-mer, 10 g of random hexamers, and a deoxynucleoside triphosphate mixture containing aminoallylmodified nucleotides or 1 g of purified mRNA and 10 g of random hexamers; otherwise, the manufacturer's instructions (Invitrogen) were used. Alexa 647 and Alexa 555 dyes (Invitrogen) were coupled to samples prior to hybridizations. The fluorescently labeled probes were purified using QIAGEN PCR "Qiaquick" columns and were quantified according to the manufacturer's instructions.
Array construction and hybridization. The N. punctiforme array consists of internal gene fragments ranging in size from 53 to 725 bp, with the great majority between 200 and 700 bp. Unique primer pairs for each gene in the array were designed and synthesized under a contract with Operon. PCRs were performed under standard conditions using genomic DNA as the template. The products were then purified using QIAGEN columns in a 96-well format (Qiaquick 96), and the concentrations were adjusted to between 0.1 and 0. Data analysis. Raw data in a .gpr file format were generated using the GenePix Pro 3.0 software. Three biological replicates were used in the analysis for each of the differentiation states, and each of the replicates was analyzed with dye swaps. Thus, data from six hybridizations, with T 0 as the reference, for each experiment (three biological replicates plus the reciprocal dye swaps) for a total of 12 technical replicates (since each array was printed in duplicate on the slide) were used in each analysis. To determine which genes showed statistically significant differential expression in the three developmental states relative to T 0 expression, the free source software package LIMMA GUI (Linear model for microarray analysis graphical user interface) (37) , written in the R-programming language (www.R-project.org) and available through Bioconductor (www .Bioconductor.org), was employed. The data were first normalized within arrays using Print-Tip Loess and across arrays in the analysis using Aquantile methods. The Linear model fit was computed using the duplicates on the arrays and the least-squares method, and all P values were adjusted using the Benjamini method (reference 37 and references therein) for controlling for the false discovery rate. Statistically significantly differentially expressed genes were defined for N. punctiforme arrays as the genes with B values of Ͼ0; this corresponded to adjusted P values of Ͻ1.49 ϫ 10 Ϫ2 for the N 2 steady state, 4.0 ϫ 10 Ϫ3 for hormogonia, and 1.02 ϫ 10 Ϫ2 for akinetes. The raw data, as .gpr files, are available at http: //microbiology.ucdavis.edu/faculty/jcMeeks/arrays/.
Functional gene assignments. Open reading frames were initially assigned to a functional category based on Clusters of Orthologous Groups (COG) identities from the genome computational annotation. The COG identities were manually verified or corrected by computational sequence comparisons to protein databases; the proteins with Interpro (TIGRfam, Pfam, and SwissPro) identities were accepted as accurate. Gene products were assigned to subcategories based on their physiological roles from metabolic tables and pathways (EcoCyc) or, in some instances, genetic phenotypes.
As a means to organize large data sets in a physiological framework, the ϩ -grown and differentially transcribed genes were grouped into the following five functional categories based on their gene products (2): (i) core metabolism, which includes proteins required for vegetative cell growth and involved in the synthesis of precursors and monomers, ion incorporation, cofactors, polymers, assembly of cell structures, and cell division and genome segregation; (ii) transport metabolism, which involves import and export protein complexes; (iii) adaptive metabolism, including alternative C, N, P, and S macronutrient sources, signal transduction, transcriptional regulation, stress, secondary products, and developmental processes; (iv) selfish metabolism, including phage and transposition functions; and (v) unassigned metabolism, including proteins with known domains or motifs but unknown physiological functions, conserved hypothetical and hypothetical proteins, and pseudogenes (Table 1 ) (a detailed breakdown is provided in File S1 in the supplemental material). Some category assignments, such as proteases and DNA/RNA metabolic enzymes, are subjective and were defined based on the presence or absence in an NH 4 ϩ -grown soluble proteome of N. punctiforme (2) and differential expression profiles in this study. This is a dynamic database, in which category assignments can change as experimental identification of the functional role of a gene product occurs.
RESULTS AND DISCUSSION
Overall extent of differential gene expression. Hybridization results, including signal strength, background, and optimal incubation temperature, were similar whether cDNA was synthesized from total RNA or from enriched mRNA (data not shown). Therefore, all subsequent experiments were conducted with total RNA.
The results of a single biological and two technical replicates for NH 4 ϩ -grown cells and each developmental state are shown in the scatter plots in Fig. 1 . When the sets of differently labeled cDNAs from NH 4 ϩ -grown cultures were self-hybridized, few gene spots showed more than a 1.5-fold departure from a linear function (Fig. 1A) , and plots of replicate selfhybridizations showed different low-level outliers. These results verified a lack of dye bias in labeling of the cDNAs and established that in replicate experiments departures from linearity are experimentally significant and not technical artifacts.
Ehira and Ohmori (13) and Ehira et al. (12) reported 396 (see below) and 600 differentially expressed genes in Anabaena sp. strain PCC 7120, respectively, 24 h following deprivation of combined nitrogen. The number of statistically significant N. punctiforme N 2 steady-state differentially expressed genes (495 genes) is between the two Anabaena sp. strain PCC 7120 values, and 75% (373) of these genes were up-regulated (Fig. 1B) . Developing akinetes displayed a comparable number, 497 differentially expressed genes, but these genes were about equally up-regulated (255 genes) and down-regulated (242 genes) (Fig.  1C) . Actively motile 24-h hormogonia exhibited the greatest extent of differential gene expression, which involved 1,827 genes; 52 and 48% of these genes were up-and down-regulated, respectively (Fig. 1D) .
There are no distinct and extended genetic islands of developmentally up-or down-regulated genes in any of the three differentiation states; the genes appear to be randomly distributed in the N. punctiforme chromosome (Fig. 2) . The only appearance of island distribution in Fig. 2 is the nondifferentially transcribed blocks of genes at approximately 6:00 o'clock that putatively encode proteins for the synthesis of cyclic peptide secondary metabolites.
Functional categories of ammonium-grown cultures. Gene expression levels from the NH 4 ϩ -grown self-hybridization shown in Fig. 1A that were three times the mean red channel background signal (75 fluorescent units) were arbitrarily accepted as evidence for expression (Table 1 ). This analysis yielded expression signals from 2,935 genes, nearly twice the number of genes for the soluble NH 4 ϩ -grown proteome (1,572 genes) (2) . As one approach to validate the minimum threshold, the list was compared to the composite differentially transcribed genes in all developmental states. If a gene is statistically down-regulated, it should have been expressed at some level in the NH 4 ϩ -grown culture. Down-regulated genes were 14% of the differentially transcribed genes with NH 4 ϩ expression levels that were less than three times the background, 40% of the genes with expression levels that were between three and four times the background, and 59% of the genes with expression levels that were more than five times the background. These values imply a conservative threshold for the lower level of expression.
In general, the fraction of expressed genes clustered similar to the genome categories (Table 1) , although the fraction of genes encoding core metabolic functions was proportionally higher, while the fractions of genes encoding adaptive and selfish metabolism were proportionally lower. This result is reasonable since the array contains few gene fragments encoding putative transposases, and many genes encoding adaptive functions are expected to be more highly expressed under adaptive conditions. The increased proportion of expression of genes involved in core metabolism is similar to the proportion observed in the soluble proteome (2) and would be physiologically expected in a photoautotrophic NH 4 ϩ -grown transcriptome, as these conditions are the most permissive culture conditions for N. punctiforme. The core metabolic category contains more than 60 gene families with two to eight members, 9 of which are involved in precursor carbon metabolism. One hundred fifteen genes were expressed from the five N. punctiforme plasmids (691 total open reading frames). This set of genes is a reasonable NH 4 ϩ -grown transcriptome of N. punctiforme, but we do not suggest that it is definitive. It pro- vides an internal control for genes that are differentially transcribed in cellular differentiation. Functional categories of dinitrogen-grown cultures. The most striking result obtained with N 2 -grown cultures is that the majority of the statistically significantly regulated genes were up-regulated (373 genes). Of these genes, 43% were genes involved in unassigned metabolism, 28% were genes involved in adaptive metabolism, and 24% were genes involved in core metabolism ( Table 1) . The unassigned metabolic genes in all differentiation states are clearly a reservoir of undescribed developmental, stress, and metabolic potential in N. punctiforme. The majority of the N 2 -grown up-regulated adaptive and core genes can be predicted from the results of many studies of heterocyst differentiation and function (17, 22, 31, 33, 43, 44, 47) . The presence of such known genes (e.g., het, dev, pat, hgl, hep, nif, hup, cyo, zwf, and gnd [see below]) provides an internal control to assess genome coverage.
The adaptive metabolic category includes known nitrogenase (nif), hydrogenase (hup), and nitrate assimilation structural genes and genes encoding enzymes for synthesis of the unique polysaccharide (hep) and glycolipid (hgl) heterocyst envelope. It is worth noting that steady-state expression of nitrate assimilation genes was relatively high in the absence of nitrate or nitrite. In Anabaena sp. strain PCC 7120, these genes are derepressed upon combined-nitrogen starvation but are repressed again as cultures grow with N 2 as the nitrogen source (21) . Six genes encoding regulatory proteins involved in heterocyst differentiation and nitrogen assimilation are in the adaptive category; hetR (NpR1722), hetF (NpF3553), nrrA (NpR3907), and patB (NpR0334) are in the development subgroup, while ntcA (NpF5511) and ntcB (NpF1534) plus two genes encoding alternative sigma subunits of RNA polymerase (NpF0307 and NpF4153, neither of which has yet been shown to be essential for differentiation) are in the transcriptional regulation group. Genes encoding other identified heterocyst regulatory proteins, such as devH (NpR6193), hepK (NpR1012), patA (NpF5682), patN (NpF6624), and patU (NpR1831), were not present in the differentially expressed N 2 transcriptome, although devH, patA, patN, and patU are in the NH 4 ϩ -grown transcriptome and DevH, HepK, and PatN are in the NH 4 ϩ -grown proteome (2). Expression of five genes encoding serine/threonine protein kinases (PK) (NpF1910, NpF5105, NpF6098, NpF6345, and NpR5250), two PK phosphatases (NpF1519 and NpR4927), three histidine kinases (HK) (NpF0957, NpR1236, and NpR4835), and four response regulators (RR) (NpF1800, NpF5044, NpF5659, and NpR1903) was enhanced in the N 2 transcriptome, implying that these genes have roles in heterocyst differentiation or steady-state N 2 growth. These signal transduction genes are obvious targets for genetic analyses, especially analyses to identify the cognate HKs of NrrA (13) and PatA (27) .
The differentially up-regulated genes in the core metabolic category include two putative operons encoding terminal cyto (42) is known to occur in heterocysts. Thirteen genes encoding amino acid metabolic enzymes, including predicted heterocyst enhanced glutamine synthetase (NpR5387) (35) , were up-regulated, while the level of the gene encoding vegetative cell-localized glutamate synthase (NpR3877) (29) was not different from the NH 4 ϩ -grown level. A glutamate dehydrogenase gene (NpF3641) was expressed in the NH 4 ϩ -grown transcriptome, but it was not differentially transcribed in steady-state N 2 -grown cultures. The sequential activities of glutamine synthetase and glutamate synthase constitute the dominant route of NH 4 ϩ assimilation in cyanobacteria, and glutamate dehydrogenase does not have a significant role (15) . The remaining genes do not appear to encode enzymes specific for any complete amino acid biosynthetic pathways. The expression of five genes for synthesis of proteins for metabolism of reactive oxygen species was enhanced in the N 2 -grown differential transcriptome; three of these genes (NpF2660 [ 4 ϩ -grown proteome. The NH 4 ϩ -grown proteome contains another 25 proteins for metabolism of reactive oxygen (2) . Whether the up-regulated gene products are localized in the heterocyst is unknown, but metabolism of reactive oxygen is clearly an important process in N. punctiforme. Nineteen genes encoding import and export transport functions are up-regulated. Their substrates are unknown, but several of the gene products are annotated as Fe and Mo ion transporters, consistent with the demands of nitrogenase. Neither of the two genes encoding an NH 4 ϩ transport channel (NpF4661 and NpR3288) was significantly up-or down-regulated compared with the NH 4 ϩ -grown transcriptome level. The fact that 122 genes were down-regulated in N 2 -grown cultures implies that at least some of the gene products may enhance growth in the presence of NH 4 ϩ . A change from nitrogen-replete (NH 4 ϩ ) to nitrogen-limited (N 2 ) growth is predicted to involve down-regulation of proteins for low-affinity NH 4 ϩ assimilation. This was not the result observed, as exemplified by low-affinity glutamate dehydrogenase (see above). The majority of the down-regulated genes are in the unassigned (51%) and core (24%) categories, and most of the core genes encode enzymes of cell envelope and cofactor metabolism. The functionally identified core genes do not exhibit an obvious physiological pattern so that one could predict the basis of their differential expression. Genes encoding three HKs (NpF3675, NpF3677, and NpR3054), two PKs (NpF01289 and NpF1616), and two RRs (NpF3676 and NpR2902) were significantly down-regulated. The NpF3675, NpF3676, and NpF3677 genes may be transcribed as an operon, and the NpF3677 gene product is a hybrid HK with an N-terminal RR receiver domain. Since the collocated RR (NpF3676) has no DNA binding output domain, there may be additional components of this putative phosphorelay signal transduction pathway, or the regulator may modulate activity of another protein.
A recent analysis (46; see also http://www.people.vcu.edu /ϳelhaij/microarray/) of the transcriptome data generated by Ehira and Ohmori (13) Table 1) . The majority of the 255 genes that are up-regulated as akinetes differentiate are in the unassigned category (59%). Akinete differentiation appears to involve relatively few differentially expressed adaptive proteins (11%), and the low number of these proteins may facilitate analysis of their developmental role. Transcription of avaK (NpF5452), encoding an akinete marker protein (6, 48) , was enhanced, as was transcription of patA and hetF, whose products are assigned to heterocyst differentiation. The transcription of 12 signal transduction proteins was up-regulated, but only one of these proteins (encoded by NpF6364; a hybrid HK with an RR receiver domain in the N-terminal region) was from a not detectably expressed level in the NH 4 ϩ -grown state. Four putative transcriptional regulatory proteins were up-regulated: two DNA binding proteins (encoded by NpR3597 and NpR1565, with a Crp family binding domain and a PAS sensor domain) and two sigma subunits (encoded by NpF4153 and NpR4091, the latter of which appears to be specifically expressed in developing akinetes).
The up-regulated core metabolic genes fall into all functional subgroups. The genes involved in cell envelope and cofactor metabolism are the functional counterparts of downregulated genes in N 2 -grown cultures, but they are not homologous. Genes encoding polymer synthetic or modification activity do not appear to be essential for growth and survival and, in most cases, appear to be functionally duplicated by other genes. There was not a dramatic increase in the transcription of genes encoding proteins for carbon, nitrogen, or phosphate storage, although akinetes contain glycogen and cyanophycin granules that are visible by light microscopy (1). Presumably, the constitutive level of expression of these genes is sufficient to ensure accumulation of the polymers. None of the four genes determined by differential display to be up-regulated during akinete development (NpF0062, NpF5999, NpF6000, and NpR4070) (6) was present in the akinete transcriptome or in the NH 4 ϩ -grown transcriptome or proteome. NpR4070 was up-regulated in steady-state N 2 -grown cultures at a significant but low level. The reasons for this discrepancy are not known, but the discrepancy may be a consequence of the particular time point chosen for analysis; the differential display results were confirmed by highly sensitive real-time quantitative PCR and reporter gene localization (6) .
Also in contrast to N 2 -grown cultures, the majority (64%) of the 242 genes down-regulated in akinete differentiation are involved in core metabolism. These genes include genes encoding proteins essential for energy, precursor, monomer, and polymer metabolism. The down-regulation of such genes is consistent with a cell entering a metabolically quiescent state. Nevertheless, few genes for constitutively transcribed transport proteins were down-regulated during akinete differentiation, implying that there was maintenance of an external assimilatory capacity. Nearly one-half of the down-regulated adaptive genes encode proteins for production of secondary metabolites. The most conspicuously down-regulated adaptive gene is the gene encoding HetR. HetR has been suggested to also regulate akinete differentiation in Nostoc ellipsosporum (26) . However, a hetR mutant of N. punctiforme differentiates akinete-like cells that lack granulation (45) . It is possible that HetR is involved in very early steps of akinete differentiation and that the gene is down-regulated by the 3-day time point. Time course transcription profiles of akinete differentiation are currently being analyzed and should resolve this possibility for N. punctiforme (M. Summers, E. Campbell, and J. Meeks, unpublished data).
Functional categories of differentiating hormogonia. This is the first systems-level assessment of differential gene expression at any stage of hormogonium development. The most striking feature of the data is the number of differentially transcribed genes in hormogonia 24 h after induction, which is nearly five times higher than the number of differentially transcribed genes in akinete-forming or N 2 -fixing cultures (Table  1) . This was an unpredicted result, especially the up-regulation of 944 genes in cells that have entered a nongrowth state. The impression that one gets from the hormogonium database is that the hormogonium is a clearly metabolically active, but nongrowing, motile filament that is highly tuned to sense the environment and respond to it.
Whereas most up-regulated genes were again in the unassigned category (52%), the second largest cluster was the adaptive metabolism cluster, which contained 204 genes. Slightly more than 50% of the adaptive genes encode proteins for signal transduction (85 genes) and transcriptional regulation (20 genes). On average, 85% of these genes are up-regulated uniquely in the hormogonium state. The products of the genes encoding transcriptional regulators likely account for part of the extensive differential gene expression in hormogonia at 24 h. The N. punctiforme genome contains genes encoding 156 HK, 103 RR, 33 PK, and 119 transcriptional regulators (31, 34) . Some of the sensory proteins are organized with a multiple-domain hybrid kinase and/or regulator architecture. In the cluster of up-regulated hormogonium sensory proteins there are four hybrid HK-PKs and 24 HK-RRs, and in 13 of the HK-RRs the receiver domain is in the N terminus of the protein, where it likely functions as a sensor domain. An alternative sigma subunit (sigH [NpR1771]), which is induced during coculture of N. punctiforme with a symbiotic plant partner and whose mutation results in an altered infection frequency (8), was not up-regulated in the combined-nitrogen starvation-induced 24-h hormogonia. This result implies that hormogonia may be subtly different depending on the environmental signal for their induction.
In addition, 18 genes encoding putative chemotaxis proteins from five separate genomic loci, five gas vesicle proteins, and five pilus formation proteins were up-regulated. Up-regulation of the gas vesicle and pilus genes confirms results for hormogonia of Calothrix sp. strain PCC 7601 (10). Cyanobacterial gliding motility has been reported to be dependent on type IV pilus retraction (7) and/or polysaccharide secretion (23) . There are several gene clusters encoding proteins of polysaccharide synthesis assigned to core metabolism (cell envelope synthesis) and development (heterocyst envelope synthesis); eight genes in the latter group were also up-regulated in hormogonia. A cluster of genes that encode polysaccharide biosynthetic and type II secretion proteins was up-regulated uniquely in hormogonia (NpF0066 to NpF0073; NpF0073 [pulG] was also up-regulated in akinetes). If polysaccharide extrusion is a mechanism of gliding motility in hormogonia, there appears to be sufficient biosynthetic capacity to support it, although there is currently no experimental evidence for either the motility mechanisms or specific polysaccharide synthetic genes.
Since hormogonia in this study were induced by transfer from NH 4 ϩ into combined-nitrogen-free medium, we anticipated some overlap in the hormogonium differentiation and N 2 -grown databases. Seventeen developmental and 18 alternative nitrogen (N) source genes were up-regulated in 24-h hormogonia. The developmental genes include the akinete marker avaK and the heterocyst-specific genes devH, hetF, and patU. Hormogonia are the infective units of Nostoc sp.-plant symbioses (30) , and an N. punctiforme hetF mutant infects a symbiotic plant partner (45) , which implies that HetF, at least, is not essential for hormogonium differentiation. The alternative N source genes include the genes encoding nitrate (NpR1526) and nitrite (NpF1528) reductases and a nitrate/nitrite permease (NpR1527), as well as 11 nitrogenase-associated proteins, including the catalytic subunit proteins NifH (NpR0415), VOL. 189, 2007 GENE
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NifD (NpR0414), and NifK (NpR0390). As in essentially all heterocyst-forming cyanobacteria, the N. punctiforme nifD gene is interrupted by an insertion element (31, 34) . Northern hybridization established that the nifD element was excised in 24-h hormogonia and that nifK can also be transcribed in the absence of the excision rearrangement (data not shown).
There is evidence, however, that hormogonia do not fix N 2 in normal atmospheric conditions (9) , implying that an active protein complex is not assembled. We suggest that these alternative N source genes and some of the developmental genes are expressed in response to the NH 4 ϩ starvation method of hormogonium induction. Heterocysts were not present in the 24-h hormogonia, and their differentiation does not occur until 48 to 56 h later. Moreover, HetR, which is essential for heterocyst differentiation, was strongly down-regulated during hormogonium development (see below), indicating that a complete developmental pathway was not operational in 24-h hormogonia.
A substantial number of core metabolic genes (179 genes) were up-regulated in 24-h hormogonia. Most of these genes are involved in cell envelope, polymer, monomer, cofactor, and precursor metabolism. The up-regulated cell envelope proteins include the cell shape-determining proteins MreC (NpR1840) and MreD (NpR1839); MreB (NpR1841) is constitutively expressed in the NH 4 ϩ -grown transcriptome and proteome. The presence of these proteins may account for the change in shape of hormogonium cells. The polymer proteins are enriched in DNA metabolism and protein processing. The 16 adaptive and core DNA metabolic genes include the genes encoding five helicases, four nucleases, three proteins for modification, two proteins for replication (polA [NpF1050] and priA [NpR0306]), and two proteins for replication repair (sbcC [NpF4484] and ssb [NpF5942]). The presumptive presence of these proteins indicates that there is some DNA metabolism in hormogonia, perhaps chromosome stabilization, although there is no net accumulation of DNA. There are 13 genes encoding protein processing factors and 12 proteases in the adaptive and core categories. The chaperones include two different DnaKs (NpF0122 and NpF5907), two DnaJs (NpF0150 and NpR3872), and two IbpAs (Hsp20) (NpF0198 and NpF0784). A protease whose structural gene was significantly up-regulated is NblA (NpF0291), which degrades phycobilisomes and accounts for the decrease in phycobiliprotein-induced fluorescence in hormogonia. The hormogonium cultures were incubated in the absence of an environmental source of combined nitrogen. Therefore, the products of phycobiliprotein degradation most likely supply amino nitrogen for synthesis of adaptive proteins, aided by the action of the products of the up-regulated amino acid biosynthetic genes. Thus, substantial protein metabolism by reorganization and processing may occur in hormogonia.
Nearly 50% of the 883 genes down-regulated in 24-h hormogonia encode proteins of core metabolism, and most of the remainder cluster in the unassigned metabolism category (38%). Except for the cell division genes, every subgroup of core metabolic genes was substantially down-regulated, and the down-regulation was much more extensive than that of akinetes 3 days into the differentiation process. These results are consistent with a stringent nongrowth state of hormogonia. Notably down-regulated were two genes encoding the chaperone GroEL (NpF1230 and NpR0829) and one gene encoding GroES (NpR0830). Many genes for energy metabolism (e.g., ATP synthase) and photosynthetic and respiratory electron transport were down-regulated, although their transcripts remained detectable. A specific Fe-S protein (putative PsaC; encoded by NpF5213) has been shown to be down-regulated in hormogonia using a reporter gene (5) . While nongrowing, hormogonia maintain a measurable rate of photosynthetic CO 2 assimilation (9). The photosynthetic rate may be sufficient to provide photosynthate for polysaccharide synthesis and extrusion or energy for pilus assembly and retraction for hormogonium gliding.
Almost as many genes encoding transport proteins were down-regulated as were up-regulated. This observation may imply that hormogonia acquire different classes of compounds from the environment than NH 4 ϩ -grown filaments acquire. There is a smaller, but still numerically substantial, fraction of adaptive genes that were down-regulated in hormogonia. Approximately 35% as many genes encoding signal transduction proteins were down-regulated as were up-regulated. This also suggests that there are major specific changes in the signal transduction pathways as hormogonia differentiate from NH 4 ϩ -grown filaments. The notable down-regulated genes include patA and hetR involved in heterocyst differentiation and glnB (NpF4466) encoding P II , which has an intracellular nitrogen-and carbon-sensing role in unicellular cyanobacteria (16) . The down-regulation of 10 transcriptional regulators, coupled with the up-regulation of 20 similar proteins, indicates that there is a shift in the cellular composition of transcription factors concurrent with a change in physiology. Included in the down-regulated adaptive category are four genes (NpF2182, NpF2183, NpF2186, and NpF2187) located in a cluster of genes encoding proteins for the synthesis of a cyclic peptide (nostopeptide) (nosB, -C, -E, and -F). The differential expression of these genes in hormogonia and other genes in akinetes and N 2 -grown cultures may lead to an understanding of the physiological role(s) of such secondary metabolites.
The genes between developmental states is depicted in the Venn diagrams in Fig. 3 . This depiction does not include the genes that were up-regulated in one developmental state in any of the two-or three-way comparisons and down-regulated in another developmental state and the converse. A detailed list of the up-and down-regulated genes shared by all three developmental states and by the akinete-forming state and the N 2 steady state is presented in Table 2 .
Very few differentially transcribed genes were shared by the three states or by the akinete-forming and N 2 -grown states. Hormogonium genes are more in common with both 3-day differentiating akinetes and N 2 -grown cultures than the latter two are with each other. This sharing is especially true for the common core metabolic genes that are down-regulated as akinetes and hormogonia enter their nongrowth states. The majority of the 12 up-regulated genes that are in common group in the core metabolism cluster, and the gene products are involved in various functions. One shared up-regulated gene encodes AmiC, which breaks peptidoglycan linker bonds and could be involved in rearrangement of the vegetative cell wall, leading to the different shapes of the three types of differentiated cells. The three adaptive genes include nblA for degradation of phycobiliproteins, hetF encoding the putative caspase-hemoglobinase fold protease (3), and a gene encoding a Crp family transcriptional regulator. The increased transcription of nblA is anomalous with the color and intense fluorescence emission of akinetes that indicate the presence of substantial phycobiliproteins. Most of the nine common downregulated genes encode core functions, dominated by cofactor and precursor metabolism. Comparisons between 3-day akinete-forming and steady-state N 2 -grown cultures yielded 15 up-regulated genes and one down-regulated gene in common. One-half of these 16 genes encode unassigned proteins. The up-regulated adaptive gene products include a sigma subunit, a stress-induced protease, a PK phosphatase, and a polyketide cyclase, which are not reflective of a common physiological function.
Conclusions. The collective data indicate that the three alternative developmental states of N. punctiforme do have some genes in common, but their differentiation largely involves up-regulation of genes distinct for each state. The most remarkable result is the extent of differential gene expression by 24-h hormogonia. These filaments were once characterized as growth precursor cells (9, 11) . Our data support such a conclusion; hormogonia have a distinctly down-regulated capacity for core metabolic functions, similar to the swarmer cells of Caulobacter crescentus (24, 25) . Nevertheless, hormogonia are transcriptionally very active, especially in genes encoding adaptive metabolic environmental sense and response functions. Hormogonia appear to be poised to move in specific directions, perhaps depending on the light quality and quantity or the presence of a chemoattractant, to a microhabitat which is somehow perceived as permissive for subsequent growth and reproduction.
Including the hetR results, there is little evidence in the differential expression profiles of N 2 -grown cultures and the profiles for 3 days into the differentiation of akinetes to support an evolutionary sequence of akinete to heterocyst in the ancestors of N. punctiforme by, for example, gene duplication. It is possible that such evidence will emerge from comparative time course experiments during differentiation, but it is also possible that too much evolutionary divergence has occurred in developmental pathways of the two cell types.
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